T he major inducible 70-kDa heat shock protein (hsp70) is highly induced by fever (1), a frequent accompaniment of virus infection (2) , and the phylogenetic conservation of the febrile response suggests that hsp70 induction plays a host protective role (reviewed in references 3 and 4). hsp70 is expressed in the major histocompatibility complex (MHC) III region of the human genome (5) . It supports MHC I antigen expression (6) and can be released into the extracellular environment by secretion or following cell death to activate macrophages and stimulate release of proinflammatory cytokines (7, 8) . These characteristics illustrate the potential of hsp70 to stimulate innate immunity, although the mechanism by which hsp70 might contribute to innate antiviral responses and the relative significance remain to be shown.
The ability of hsp70 to mediate protective antiviral immunity was first established in the mouse model of measles virus (MeV) brain infection. Neonatal C57BL/6 mice are susceptible to infection following intracranial inoculation with Edmonston MeV (Ed MeV), where neurons are the primary target of productive viral replication (9) (10) (11) . Mice lack the constitutive expression of hsp70 that is observed in primates and other mammals (12) (13) (14) . Therefore, transgenic (TG) mice that express human hsp70 through a neuron-specific enolase promoter can be used to evaluate the impact of virus-hsp70 interactions within infected cells on uninfected immune cells mediating both innate and adaptive responses. Constitutive expression of hsp70 in neurons of H-2 d congenic C57BL/6 mice results in complete protection against intracranial inoculation with 4 ϫ 10 4 50% tissue culture infective doses (TCID 50 ) of Ed MeV (9) . In contrast, nontransgenic (NT) mice exhibit approximately 30% mortality, which is correlated to elevated brain viral burden and cytopathic effects. T cell depletion increases mortality in both MeV-infected TG and NT mice, although mortality is significantly lower in the TG groups, indicating an innate immune component to hsp70-dependent protection. This is supported by increased levels of transcripts for CD68, MHC II, Toll-like receptor 2 (TLR2), and TLR4 within total brain RNA of infected TG mice relative to infected NT mice at 5 days postinfection (p.i.). Five days p.i. is prior to the onset of virusinduced mortality and measurable adaptive immune responses observed at Ն10 days p.i. (9, 12) . CD68 and MHC II are markers of macrophage activation, and TLR2 and TLR4 mediate innate immune responses of brain macrophages, responding to ligands that may include extracellular hsp70 (15, 16) . The mediators of hsp70-dependent innate antiviral immunity and their contribution to host protection are unknown.
The focus of the present work was to define innate host responses to infection that are the basis for hsp70-mediated protection against viral infection. The first step was to analyze patterns of host gene expression within infected tissues at 5 days p.i., with results supporting type I interferon (IFN) signaling as a major difference in the hsp70-dependent host response to infection. Subsequent in vivo studies with IFNAR Ϫ/Ϫ mice established proof of the central role of type I IFN in hsp70-mediated host protection, and in vitro modeling provided a mechanism that directly links hsp70 expression to IFN-␤ induction.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee for The Ohio State University provided supervision of animal care for all aspects of the study, including review and approval of the experimental protocols in accordance with the Public Health Service Act of the United States of America. Animal care facilities are AAALAC accredited.
Infection of hsp70 TG and NT mice. hsp70-mediated protection is H-2 dependent, being observed in H-2 d resistant mice (9, 10 ). Accordingly, H-2 d congenic mice were the focus of the present work. Characterization of H-2 d congenic C57BL/6 mice that constitutively overexpress human hsp70 (from the HSPA1A gene) under the control of the neuronspecific enolase promoter has been described previously; these mice are referred to here as hsp70-transgenic (TG) mice (9, 10) . Male and female TG and nontransgenic (NT) mice, approximately 42 h of age, were inoculated intracranially in the left cerebral hemisphere with 4 ϫ 10 4 TCID 50 Ed of MeV in 1ϫ phosphate-buffered saline (PBS), for a total volume of 10 l (9, 10, 12). Control mock-infected mice were inoculated with 1ϫ PBS alone. Brains were harvested at 5 and 10 days p.i. for global transcript analysis, routine light microscopic evaluation of formalin-fixed tissue sections, and immunohistochemical staining of paraformaldehyde-fixed tissues. Brains were also harvested at 1, 2, and 3 days p.i. for transcript analysis by reverse transcription-PCR (RT-PCR). For transcript analyses, the right half of the brain (contralateral to the inoculation hemisphere) was processed for total RNA isolation using the RNeasy lipid tissue minikit (Qiagen), followed by DNase I treatment (TURBO DNA-free; Ambion).
Global transcript analysis. The integrity and quantity of isolated total RNA were determined using an Agilent Bioanalyzer 2100 in the MicroArray Shared Resource (MASR), The Ohio State University Comprehensive Cancer Center (OSUCCC). The MASR performed sample preparation and labeling, chip hybridization, chip scanning, and initial image analysis by following Affymetrix protocols. cRNA was synthesized using the GeneChip T7-oligo(dT) promoter primer kit (17) and analyzed using mouse genome 430 arrays (Affymetrix). Background correction and normalization were performed to correct technical bias, and gene expression levels for individual mice (n ϭ 4 per group) were summarized using the robust multiarray average (RMA) method (18) . Filtering methods based on the percentage of samples with expression values above noise level removed genes from the analyses that were not expressed or were expressed at low levels (log 2 expression level Ͻ 6), resulting in the analysis of 27,000 genes in the 43,000-probe set. For remaining genes, linear models were performed to detect differentially expressed genes between groups of interest (e.g., transgenic versus nontransgenic at the 5th day postinfection). In order to improve the estimates of variability and statistical tests for differential expression, variance smoothing methods were employed (19) . A moderated 2-sample t test was used to compare samples between groups, establishing P values for use in genome-wide discovery. Significance level for genome-wide discovery was determined by controlling the number of false positives (20) . Statistical software programs SAS 9.2 and R were used for this analysis.
Data for differentially expressed genes were analyzed through the use of Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA), where the association between genes exhibiting differences in expression between groups and canonical pathways in the Ingenuity Knowledge Base were determined. The significance of the association between genes (data sets) and canonical pathways was based upon Fisher's exact test, which calculates a P value determining the probability that the association between genes in the data set and the canonical pathway is explained by chance alone.
Histochemical and immunohistochemical tissue analyses. Analyses focused on coronal sections at Ϫ2.0 bregma, providing good representation of cortices, diencephalon, and hippocampus. For formalin-fixed paraffin-embedded tissue sections, mice were euthanized and whole brains were harvested at 5 days p.i. for immersion fixation in 10% formalin. Paraffin-embedded tissue sections were evaluated for viral cytopathic effects and inflammatory responses following routine hematoxylin and eosin (H&E) staining. Infiltration of blood origin monocytes was measured by CD45 immunohistochemistry as previously described (21, 22) . Analysis of microglial activation was also based upon immunohistochemical staining for MHC II in paraformaldehyde-fixed frozen sections as previously described (23) . Staining employed rat anti-mouse I-A/I-E (M5/ 114.15.2, catalog number 556999; BD Pharmingen). The signal from MHC II staining was digitized and quantified by using the positive pixel counter algorithm in Aperio Imagescope (Aperio). Within each section, positivity of immunoreactivity in the hippocampus contralateral to the inoculation hemisphere was calculated as the total number of positive pixels divided by the total number of pixels.
IFN-␤ transcript analysis in brain. Real-time quantitative RT-PCR (qRT-PCR) analysis of total brain RNA was used to quantify IFN-␤ transcripts at 1 day p.i. in the brain hemisphere opposite the virus inoculation site, using 5 animals per group. Two micrograms of total RNA was denatured at 70°C for 5 min and annealed to 0.4 g of random primers. Primer-annealed RNA was added to reverse transcriptase reaction mixtures that included 25 nmol of dNTP and 1 l of AffinityScript multiple-temperature reverse transcriptase (Stratagene) in a final volume of 20 l. The cDNA reaction mixtures were incubated for 90 min at 48°C. Levels of IFN-␤ transcript cDNAs were quantified by SYBR green real-time qPCR using a Roche 480 LightCycler. Commercially available primers were employed (Real Time Primers, Elkins Park, PA) that recognize a conserved portion of the mouse IFN-␤ gene (GenBank accession number NM_010510). Plasmid containing mouse IFN-␤ cDNA (GenBank accession number NM_010510) was obtained from GeneCopoeia (Rockville, MD) and used to establish a standard curve. The qPCR was performed using SYBR green LightCycler 480 SYBR green I master mix (Roche). The reaction program included preincubation at 95°C for 10 min and 45 cycles of amplification at 95°C for 15 s, at 58°C for 10 s, and at 72°C for 15 s, followed by a 2-s incubation at 81°C. Total SYBR green fluorescence was measured at 81°C. Quantifications were based upon fit point analysis with arithmetic baseline adjustment. Melting peak and melting curve analyses were performed using the polynomial calculation method. At the conclusion of the reactions, amplicons were further analyzed by 1.5% agarose gel electrophoresis.
Generation d , mutant allele of the IFNAR, and hsp70 transgene. Peripheral blood mononuclear cells, isolated from whole blood, were used to monitor the H-2 complex by flow cytometry using monoclonal antibodies specific for H-2 b (AF6-88.5, fluorescein isothiocyanate conjugated; BD Pharmingen) and H-2 d (SF1-1.1, R-phycoerythrin conjugated; BD Pharmingen) alloantigens. The presence and level of the hsp70 construct were confirmed by real-time qPCR analysis of genomic DNA isolated from tail biopsy specimens using Gentra Puregene kits (Qiagen). DNAs from established heterozygotes and homozygotes were used as standards (9, 25) . The expression of wild-type and mutant alleles of type I IFN receptor were confirmed by PCR analysis of the genomic DNA using two sets of primers. For the wild-type allele, a 150-bp fragment was amplified using 5=-AAGA TGTGCTGTTCCCTTCCTCTGCTCTGA-3= and 5=-ATTATTAAAA GAAAAGACGAGGCGAAGTGG-3= sense and antisense primers, respectively. For the mutant allele, a 340-bp fragment was amplified using 5=-T CAGCGCAGGGGCGCCCGGTTCTTT-3= and 5=-ATCGACAAGACC GGCTTCCATCCGA-3= sense and antisense primers, respectively. (9, 10, 12) . Control mice were inoculated with PBS. Removal criteria included a weight of Ͻ30 to 50% of the mean litter body weight (typically associated with dehydration), social withdrawal, and seizure activity. Kaplan-Meier survival curves were constructed, and Wilcoxon and log rank tests were used to define differences in survival between treatment groups. Results were compared to differences in mortality between infected TG and NT mice.
In vitro modeling. The ability of Ed MeV-infected neurons to induce IFN-␤ in uninfected microglia was modeled using the mouse neuroblastoma cell line N2a and the mouse microglial cell line BV-2. N2a cells have been stably transfected to constitutively express hsp70 (N2a-HSP) and together with vector-transfected controls (N2a-V) have been used to characterize the MeV transcriptional response to hsp70 and the impact upon viral fitness (26) . N2a-HSP and N2a-V cells were infected at a multiplicity of infection (MOI) of 1.0 with Ed MeV and monitored for cell death and hsp70 release between 0 and 60 h p.i. Triplicate cell populations in 6-well plates were analyzed, using uninfected N2a-HSP and N2a-V cells as controls. Tissue culture medium (Dulbecco modified Eagle medium [DMEM] containing 5% fetal calf serum) was harvested at defined intervals and clarified by centrifugation (1,000 ϫ g, 15 min, 4°C), and fresh medium was applied to cultures. Cell death was quantified based upon release of lactate dehydrogenase (LDH) into clarified culture supernatants, using a commercially available assay (Biovision, Mountain View, CA). For this purpose, 10 l of culture medium is used in an enzyme coupling reaction that generates a yellow product, where color intensity measured at 450 nm correlates with the number of cells lysed. Maximal LDH release was defined by cells treated with 1% Triton X-100 for 30 min. hsp70 concentrations in culture supernatants were measured using a commercially available enzyme-linked immunosorbent assay (ELISA) (hsp70 high-sensitivity enzyme immunometric assay; Enzo Life Sciences, Farmingdale, NY). The standard curve was defined using serial dilutions of a purified human recombinant, hsp70-1 (product of the HSPA1A gene). The primary antibody used for detection is a rabbit polyclonal antibody recognizing human, rat, and mouse hsp70 and which does not cross-react with other hsp70 family members (e.g., hsc70).
Effects of extracellular hsp70 were tested on BV-2 cells (a mouse microglial cell line) using culture supernatants from infected and uninfected N2a cells and a highly purified form of hsp70-1 that has been used to study structural interactions with the C terminus of the MeV N protein (27, 28) . BV-2 cells were seeded in replicate wells of six-well plates (0.2 ϫ 10 6 cells/well), and the medium was replaced with culture supernatant from N2a cells or purified hsp70 added to BV-2 culture medium at 12 h postseeding. Culture supernatants from N2a cells, representing 1 to 20 h p.i., were treated with short-wave UV light (254 nm) and titrated to rule out the presence of infectious virus. hsp70 contained in tissue culture supernatants from infected cells either was left untreated or was neutralized by incubation (1 h, 37°C) with rabbit polyclonal IgG against hsp70 (15 g/ ml) (SPA-812; Enzo Life Sciences). Normal rabbit total IgG was used as a neutralization negative control. Addition of purified recombinant hsp70 to BV-2 cells included control treatments: addition of 30 g/ml of polymyxin B in combination with hsp70 and use of heat-denatured hsp70 (100°C, 10 min). Total BV-2 cell RNA was harvested at 6 h posttreatment (Qiagen RNeasy minikit). Samples were treated with DNase I (TURBO DNA free; Ambion), and 1.0 g of RNA was reverse transcribed using 0.4 g of oligo(dT) 15 primers and multiple-temperature reverse transcriptase (Affinity Script). Real-time qRT-PCR analysis was used to quantify IFN-␤ cDNA levels as described above. Confirmatory experiments examined the potential of hsp70 to induce IFN-␤ transcription in a second mouse microglial cell line (NR-9460), and also in primary cultures of bone marrowderived macrophages, using established procedures for isolation and culture (29) .
Antibody blockade of TLR2 and TLR4 signaling employed mouse monoclonal antibody against mouse and human TLR2 (eBioscience; 16-9024), mouse IgG1 isotype control, rat monoclonal antibody against TLR4 (Imgenex; IMG-428E), and rat IgG2a isotype control. Antibodies were added to culture media 1 h prior to the addition of hsp70, at a concentration of 20 g/ml.
Statistical analysis for in vitro studies included two-tailed unpaired t test (t test) and one-way analysis of variance (ANOVA). Bonferroni's multiple-comparison test was used to compare pairs of groups as the posttest of ANOVA.
Microarray data accession number. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE4226.
RESULTS
hsp70 enhances expression of type I interferon and interferonresponsive genes following viral infection. Transcriptome analysis was performed on whole brain tissues to obtain an unbiased picture of how hsp70 alters host innate responses to viral infection. Gene expression patterns were determined in hsp70 TG and NT mice infected with Ed MeV. Total brain mRNA (n ϭ 4 per challenge group) was analyzed on mouse genome microarrays, sampling the hemisphere opposite the side of viral inoculation. We discovered 457 upregulated genes and 543 downregulated genes in TG relative to NT mice on day 5 p.i. using a P value cutoff of 9.3 ϫ 10 Ϫ4 . Analysis of the association between genes exhibiting differences in expression between groups and canonical pathways in the Ingenuity Knowledge Base showed that differences in gene expression at day 5 p.i. were primarily attributed to greater induction of interferon-responsive genes and genes associated with macrophage activation in TG mice (Tables 1 to 4 ). The significance of the association was P ϭ 9.2 ϫ 10 Ϫ3 for interferon induction and antiviral responses. Macrophage activation was represented by both macrophage maturation (P ϭ 1.7 ϫ 10 Ϫ4 ) and antigen presentation (P ϭ 1.0 ϫ 10 Ϫ2 ) pathways. Gene lists associated with the pathways were expanded using a P value cutoff of 0.05, and the analysis was extended to include 10 days p.i. in order to define the temporal nature of any differences (Tables 1 to 4 ). The level of gene expression in sham-inoculated animals was subtracted from the expression profile in the infected groups: (infected TG Ϫ infected NT) Ϫ (uninfected TG Ϫ uninfected NT). Comparisons also included subtracting the value for uninfected TG mice from that for infected TG mice and subtracting the value for uninfected NT mice from that for infected NT mice to distinguish between differences in the magnitude of a response measured in both the TG and NT groups versus a response measured in only one group.
Infected TG mice showed enhanced expression of STAT-1, CHUK (IB kinase alpha), and eight interferon-stimulated genes relative to infected NT mice at 5 days p.i. (Table 1) . STAT-1 and CHUK are involved in macrophage activation as well as interferon signaling (30, 31) . Seven of the eight interferon (IFN)-inducible genes (i.e., the genes for USP18, IFIT1L, IFI27, RIG-I, interferon regulatory factor 7 [IRF7], IRF9, and RNase L) are specific to type I IFN (31) (32) (33) (34) (35) . By day 10, interferon-responsive genes were expressed at increased levels in both TG and NT mice, with no statistically significant differences between the infected groups (Table 2). The exceptions to this expression pattern were CHUK and RNase L, for which significant induction was observed only at 5 days p.i. and only in TG mice.
The literature shows that IFN-␤ is the predominant type I IFN produced in the central nervous system of mice in response to neurotropic viral infection (36) , and expression of IFN-inducible genes at 5 days p.i. is consistent with IFN-␤ expression at 1 day (37) . Expression of IFN-␤ at 1 day p.i. was directly confirmed by real-time qRT-PCR of total brain RNA from the hemisphere opposite the site of viral inoculation, with transcript levels being significantly increased in infected relative to uninfected TG mice (P Ͻ 0.05; t test) (Fig. 1) . In NT mice, an increase was observed in infected animals, but the increase relative to uninfected controls was not statistically significant. Collectively, these data indicate that hsp70 leads to increased IFN-␤ expression, which is correlated to increased protection of TG mice against infection.
In order to establish the causal relationship between enhanced type I IFN expression and hsp70-mediated protection, we used mice in which the gene for the type I IFN receptor was disrupted (IFNAR Ϫ/Ϫ ) and measured the impact upon hsp70-mediated host protection against intracranial viral challenge. TG, TG IFNAR Ϫ/Ϫ , NT, and NT IFNAR Ϫ/Ϫ mice were infected with Ed MeV and monitored over a 28-day time course for survival. As observed in previous studies (9) , NT mice suffered 35% mortality (65% survival), whereas nearly all TG mice survived (95%), a significant difference between groups (P Ͻ 0.05) (Fig. 2) . Disruption of the type I IFN receptor significantly increased mortality in both TG and NT mice (P value of 0.0002 for the difference between TG and TG IFNAR Ϫ/Ϫ mice and P value of 0.0035 for the difference between NT and NT IFNAR Ϫ/Ϫ mice). Now, however, there was no statistically significant difference in survival between the TG IFNAR Ϫ/Ϫ and NT IFNAR Ϫ/Ϫ groups (P ϭ 0.51). These data clearly establish the causal relationship between hsp70-dependent IFN-␤ induction and protection against infection.
hsp70 enhances macrophage activation in response to viral infection. Canonical pathway analysis shows that brain macrophage activation is enhanced by hsp70 in response to infection. Increased levels of STAT-1 expression were found at 5 and 10 days p.i. and of CHUK expression at 5 days p.i. (Tables 3 and 4) . CHUK is part of the NF-B signaling pathway and is thus essential for TLR-mediated microglial activation through NF-B as well as for type I IFN induction (30) . TLR2 and TLR4 are primarily expressed a Results are based upon transcriptome analysis of total brain RNA. All changes represent induction, and the absence of a significant difference is indicated by a dash. Superscript "i" and "u" represent infected and uninfected mice, respectively. on cells of myeloid origin in the mouse brain (i.e., microglia), and both are specific markers for macrophage activation in the brain after infection, with TL2 expression being affected to a greater degree than TLR4 (38) . TLR2 was upregulated by infection at 5 and 10 days and TLR4 at 10 days p.i., although no significant differences were observed between TG and NT mice (Tables 3 and  4) . Expression of other TLRs (TLR2 to -5 and TLR7, -9, -12, and -13) was not affected by infection. Additional markers of macrophage activation are the induction of MHC I and II molecules, and infected hsp70-TG mice demonstrated a significant increase in expression of H2-D1, H2-K1, and H2-EA at 5 days p.i. The genes for two of these (H-2D1 and H2-K1) exhibited the overall greatest induction, and levels of expression were further increased at 10 days. Induction of genes for antigen-presenting molecules was not detected in NT mice at 5 or 10 days p.i. In order to verify macrophage activation in situ, we performed immunohistochemical staining of MHC II in brain tissue sections harvested at 5 days p.i. Constitutive MHC II expression is not observed in normal brains of humans and rodents; however, expression is highly inducible in activated microglia and inducible to very low levels in endothelial cells and astrocytes (39, 40) . The analysis was focused on the hippocampus, since virus-induced cytopathic effects in the hippocampus have been previously correlated to mortality (9) . Specific staining was readily detected in infected TG mice, in cells with a morphology and localization characteristic of perivascular and parenchymal microglia (Fig. 3A) . Using the pixel counter algorithm (Aperio Imagescope) to quantify signal on digitized slides, the level of positivity was significantly greater for TG mice than for NT mice (P Ͻ 0.05; t test) (Fig.  3B) . The level of MHC II signal in infected NT mice was not significantly different from the signal obtained from uninfected control tissues. Macrophages originating from blood are characterized by high-level expression of CD45 (common leukocyte antigen), in contrast to a low level of expression in resident microglia (41) . CD45 was not detected in these regions (data not shown), indicating that infiltrating monocytes are not a significant contributor to the brain macrophage population at 5 days p.i.
Collectively, the in vivo data establish a correlation between increased type I IFN production and enhanced macrophage activation in infected hsp70-TG mice relative to those in infected NT mice. This finding is of potential significance in that activated uninfected brain macrophages, not infected neurons, are the predominant source of IFN-␤ in the virus-infected brain (42) . MeV infection does not induce significant levels of IFN-␤ in neurons, a phenomenon that may reflect a more general restriction of type I IFN production in this cell type (36, 43, 44) . In vitro studies were subsequently designed to establish an hsp70-dependent link between infected neurons and the induction of IFN-␤ in uninfected macrophages. The hypothesis tested was that virus infection causes extracellular release of hsp70 from neurons, and the extracellular hsp70 binds TLR2 and -4 on macrophages to induce IFN-␤.
hsp70 release by MeV-infected neuronal cells. Mouse neuroblastoma cells (N2a) were used to address the potential release of hsp70 upon infection. These cells faithfully reproduce neuronal patterns of gene expression and support a noncytolytic mode of a Results are based upon transcriptome analysis of total brain RNA. All changes represent induction, and the absence of a significant difference is indicated by a dash. Superscript "i" and "u" represent infected and uninfected mice, respectively. a Results are based upon transcriptome analysis of total brain RNA. All changes represent induction, and the absence of a significant difference is indicated by a dash. Superscript "i" and "u" represent infected and uninfected mice, respectively.
MeV replication that is characteristic of MeV in vivo neuronal infection (9, 10) . Like cortical neurons, N2a cells support release of exosomes (45), an established mechanism for hsp70 release from viable cells. Stably transfected N2a cell lines have been generated that either lack basal hsp70 (N2a-V) or constitutively express hsp70 (N2a-HSP). These lines reproduce the pattern of hsp70 expression observed in NT and hsp70-TG mice, and Ed MeV replication parameters have been thoroughly characterized in these cells (26) . The cell lines offer a significant advantage over the use of primary cultures in studying virus-hsp70 interaction. Published work comparing in vitro and in vivo expression of hsp70 in rodents shows that primary neuronal (and glial) cultures exhibit a stress-conditioned phenotype (i.e., a phenotype mediated by elevated basal levels of endogenous heat shock proteins, including hsp70) (46, 47) . Primary cultures could thus obscure differences between infected neurons derived from hsp70-transgenic and nontransgenic mice, whereas baseline and/or virus-induced endogenous hsp70 levels are stable and defined in the N2a cells modeling neuronal infection. N2a-HSP and N2a-V cells were infected with Ed MeV (MOI ϭ 1) and monitored for hsp70 release into culture supernatant by ELISA and for cell viability based upon LDH release. Previous work shows that under these infection conditions, significant viral transcript production (i.e., secondary transcription) begins after 12 h p.i., with antigen expression detectable in approximately 18% of N2a-V and N2a-HSP cells by immunocytochemistry at 24 h (26) . Peak viral transcript production occurs at 60 h p.i., which corresponds to peak infectious viral progeny release (26) . Significant increases in extracellular hsp70 levels were observed between 0 and 10 h p.i. in both infected N2a-HSP cells and N2a-V cells, with the level of release being significantly greater in the infected N2a-HSP cells. Levels of extracellular hsp70 were an average of 3.3 ng/ml above background for N2a-HSP cells, compared to 0.4 ng/ml for N2a-V cells. The source of hsp70 in the N2a-V cells is likely virus-induced endogenous hsp70, previously reported for Ed MeV in this cell line (48) . Infection did not induce hsp70 release in subsequent postinfection intervals (Fig. 4) . No significant differences between LDH levels in culture supernatants between infected and uninfected cell controls were found between 0 and 60 h p.i. (Fig. 4) , consistent with the noncytolytic nature of infection that is detected by light microscopy.
hsp70 induces IFN-␤ transcription in a mouse microglial cell line. The mouse microglial cell line BV-2 was used to establish the potential of extracellular hsp70 to induce IFN-␤ through TLR2 and -4. BV-2 cells are known for their ability to model inflammatory responses observed in primary microglial culture (49) .
Initial experiments used tissue culture supernatants containing hsp70 released from Ed MeV-infected N2a-HSP and N2a-V cells. BV-2 medium was replaced with the supernatant, cells were incubated for 6 h, and total cell RNA was analyzed by real-time RT-PCR for IFN-␤ transcripts. The supernatants from N2a cells were harvested at 20 h p.i., reflecting the early postinfection interval in which IFN-␤ induction is observed in vivo. Significant production of cell-free infectious viral progeny does not occur until 36 h p.i. in N2a cells, although we included UV treatment to inactivate any low level of infectious virus that might be present. Viral titrations showed that no virus is detectable in media recovered from N2a-V cells at 20 h, whereas an average of 370 TCID 50 /ml is recovered from N2a-HSP cells and this infectivity is eliminated by UV treatment. We could not demonstrate IFN-␤ induction in BV-2 by these low levels of inactivated virus, using dilutions of UV-treated stock virus added to the BV-2 culture media (data not shown). Significant induction of IFN-␤ transcripts was observed in hsp70-containing media from infected N2a-HSP cells relative to uninfected N2a-HSP cells (Fig. 5A ). Significant induction was not observed using media from infected N2a-V cells. The specific role of hsp70 in mediating IFN-␤ induction was shown using antibody neutralization of hsp70 in supernatants from infected N2a-HSP cells (Fig. 5B) .
To confirm these results, we examined the potential of purified recombinant hsp70 to induce IFN-␤ transcription in BV-2 cells. hsp70-1 was added to culture media for 6 h, followed by total cell RNA isolation for quantification of IFN-␤ transcripts by real-time qRT-PCR. A range of concentrations was employed (i.e., 2.2 to 142 nM), bracketing the concentration found in culture supernatants from infected N2a-HSP cells (i.e., approximately 95 nM). hsp70 induced IFN-␤ transcripts in BV-2 cells in a dose-dependent manner (Fig. 6A) . Induction was not suppressed by the addition of polymyxin B, whereas induction was abrogated when the hsp70 was heat denatured (Fig. 6B ). This is proof that induction was mediated by hsp70 and not by lipopolysaccharide (LPS) contamination. Induction of IFN-␤ through hsp70 was confirmed in a second mouse microglial cell line, NR-9460 (50), and also in primary cultures of mouse bone marrow-derived macrophages (Fig. 6C) . hsp70 is a known ligand of TLR2 and TLR4, where extracellular hsp70 activates microglia and stimulates proinflammatory cytokine gene expression through NF-B (16, 51) . The ability of hsp70 to induce IFN-␤ has not previously been addressed, although other TLR4 ligands (e.g., LPS) are capable of IFN-␤ induction, requiring signaling through IRF3 (44) . The role of TLR2 and TLR4 in hsp70-mediated induction of IFN-␤ transcription was shown in this study by inhibiting the response with TLR-specific antibodies. Immunocytochemical staining of BV-2 cells and RT-PCR analysis of total cell RNA showed that BV-2 cells express both TLR2 and -4 (data not shown). Antibody against TLR2, applied 1 h prior to the addition of 142 nM hsp70, suppressed induction of IFN-␤ by approximately 68%, whereas isotype control antibody had no significant effect (Fig. 7A) . Similarly, antibody against TLR4 suppressed induction of IFN-␤ by approximately 79%, and the isotype control antibody had no inhibitory effect (Fig. 7B) . These data indicate that hsp70 interaction with both TLR2 and TLR4 results in the induction of IFN-␤ in microglial cells.
DISCUSSION
Induction of type I IFN was a key difference in the response to infection between hsp70-TG and NT mice, being correlated to the increased survival that was associated with constitutive hsp70 expression in neurons. IFN-␤ is the principal type I IFN produced in brain and a key mediator of protection against neurovirulence for multiple viruses. The central role of type I IFN in hsp70-mediated host protection in the current study was proven by the loss of any significant difference in mortality between infected TG and NT mice when type I IFN signaling was disrupted. Results in TG mice are relevant to humans in that constitutive hsp70 levels are a human pattern of expression not observed in NT mice (14) . MeV infection does not induce IFN-␤ in neurons (36, 43, 52) , with activated microglia considered the predominant source of IFN-␤ in this system (42) . Our results support a model explaining how virus-infected neuronal cells can induce IFN-␤ in uninfected brain macrophages, namely, through the extracellular release of hsp70, which can, in turn, engage microglial TLR2 and -4 (Fig. 8) . In this capacity, extracellular hsp70 acts as a danger signal to the (A) Representative expression of MHC II in infected NT and TG mice (NT and TG, respectively) and the uninfected controls (NT and TG Uninf) at 5 days p.i. (n ϭ 4/group). Shown are paraformaldehyde-fixed frozen sections, with immunoperoxidase staining and hematoxylin counterstain, at magnifications of ϫ4 (left four panels) and ϫ40 (right). Virus-induced cytopathic effects or cellular inflammatory infiltrates affecting the granular cell neurons of the dentate gyrus (GrDG) and pyramidal cell neurons of the CA1, CA2, and CA3 regions of the hippocampus are not present at this early p.i. interval, although induced MHC II expression on parivascular and parenchymal microglia is evident in TG mice. The signal levels between uninfected TG and NT mice and infected NT mice were equivalent. (B) Quantification of pixel counts from digitized images (number of positive pixels/total number of pixels) shows that the increased staining in infected TG relative to infected NT mice is statistically significant (P Ͻ 0.05, t test).
presence of virus infection, inducing innate immune responses of microglia. Although the concept of extracellular hsp70 as a danger signal to the immune system has previously been suggested by models of bacterial infection and tissue injury (53, 54) , our results are the first to show that hsp70 is released from viable virus-infected neuronal cells and that hsp70 interacts with TLR2 and -4 of a brain macrophage line to induce IFN-␤.
Host protective roles of IFN-␤ span both innate and adaptive immunity, including the induction of antiviral IFN-stimulated gene products, induction of macrophage activation and antigen presentation, and support of virus-specific T cell activation to produce IFN-␥, which is ultimately responsible for noncytolytic viral clearance in the mouse model of MeV brain infection (37, 55, 56) . Although neurons are limited in their capacity to produce IFN-␤ in response to MeV infection, they do maintain the capacity to respond to IFN-␤ by producing antiviral IFN-stimulated gene products (36) . Eight IFN-stimulated genes were significantly increased in infected TG relative to NT mice, with the magnitude of increase ranging from 1.3-to 2.3-fold. Expression of combinations of interferon-stimulated genes has an additive inhibitory effect on viral replication, such that the individual fold changes underestimate the cumulative level of host protection (57) . In fact, expression of several IFN-stimulated genes at low levels is viewed as a means of achieving a global antiviral effect with minimal impact on normal cell function (58) . A less stringent analysis using the comparison involving subtraction of expression in infected NT mice from that in infected TG mice identified additional type I IFN-inducible genes that were significantly induced in both infected NT and TG mice at 5 days p.i. (P Ͻ 0.05), with greater induction in TG animals. These included 2=5=-oligoadenylate synthetase, eukaryotic translation initiation factor 2␣ (PKR), and MDA5. The P value approached but did not achieve significance in the higher-stringency comparison obtained by the equation (infected TG Ϫ infected NT) Ϫ (uninfected TG Ϫ uninfected NT), even though there was no significant difference in basal expression of these genes in uninfected TG and NT groups. Here, the differences between infected TG and NT mice were 1.5-fold for 2=,5=-oligoadenylate synthetase (P ϭ 0.07), 1.4-fold for PKR (P ϭ 0.09), and 1.5-fold for MDA5 (P ϭ 0.06).
The hsp70-dependent increase in macrophage activation and antigen presentation may be a direct effect of extracellular hsp70 or an indirect consequence of hsp70-mediated IFN induction. IFN-␤ drives macrophage activation through the type I IFN receptor (IFNAR), resulting in the induction of antigen-presenting complexes and IFN-␤ expression by these activated cells, thus setting into motion an autocrine feedback loop (59) . We were unable to establish the contribution of IFNAR to macrophage activation using infected IFNAR Ϫ/Ϫ mice. Deletion of type I IFN signaling resulted in a dramatic increase in virus-induced necrosis (data not shown), and necrotic tissue releases numerous ligands capable of macrophage activation that are in addition to IFN-␤. 
FIG 7
Antibody against TLR2 and TLR4 inhibits hsp70-mediated induction of IFN-␤. BV-2 cells were treated with 142 nM hsp70 for 6 h, followed by quantitation of IFN-␤ transcripts by real-time RT-PCR. Induction was significantly inhibited (*) (ANOVA; P Ͻ 0.05) by the addition of 20 g/ml of monoclonal antibody specific to TLR2 (A) or TLR4 (B), applied 1 h prior to the addition of hsp70. Identical concentration of isotype control antibodies had no effect on induction.
Enhanced expression of antigen-presenting complexes in microglia of hsp70-TG mice at 5 days p.i. may contribute to host protection by adaptive immune responses at 10 days p.i. Activation of virus-specific T cells and production of IFN-␥ requires an encounter with an antigen-presenting cell in the presence of type I IFN (37, 56) . The activation would rely on the well-established capacity of murine microglia to cross-present exogenous antigen (in this instance, viral antigen from infected neurons) on MHC I (60). In vitro studies with human neuronal and glial cell lines and in vivo work in mouse models show that acute MeV infection is a potent stimulus for MHC I expression in glia but not neurons (43, 61) .
Increased mortality in the infected NT IFNAR Ϫ/Ϫ mice relative to that in infected NT mice indicates that type I IFNs do play a role in host protection despite the absence of constitutive hsp70 expression. This conclusion is supported by the transcriptome analysis of NT mice at 5 days p.i., where genes in the IFN signaling pathways are significantly induced by infection compared to uninfected NT mice. At 10 days p.i., levels of IFN-inducible genes are greater than observed at 5 days p.i., and the levels are now comparable between infected TG and NT mice. hsp70, in the context of viral infection, can thus be seen to enhance the early type I IFN response that is otherwise observed in NT mice, providing a greater margin for host protection against virus-induced mortality that begins as early as 11 days p.i.
Results of the current work help to resolve the long-standing question of how infected neurons might trigger IFN-␤ induction and antigen cross-presentation in brain macrophages (55) . Infected neurons may release both viral gene products (pathogenassociated molecular patterns [PAMPs] ) and endogenous ligands (damage-associated molecular patterns [DAMPs]) capable of activating TLRs, and our work suggests a dominant role of hsp70 as a DAMP that engages TLR2 and -4 of macrophages, resulting in macrophage activation and induction of IFN-␤ (62, 63) . Changes in TLR gene expression are a direct measure of pathway activation in response to TLR-specific ligands (64) . Of the eight TLRs whose gene expression was detected in the transcriptome analysis, only TLR2 and -4 exhibited changes associated with infection. Inability to detect TLR4 induction at 5 days p.i. may reflect the limited sensitivity of the transcriptome analysis or the more complex transcriptional regulation of TLR4 in response to ligands, characterized by a biphasic response in which transcript levels are initially suppressed (64) . The level of hsp70 release from MeV is proportionate to the intracellular hsp70 concentration, so the stimulus for IFN-␤ induction would be greater in TG relative to NT mice. hsp70 release from virus-infected cells has previously been described, but only in the context of lytic virus infection, namely, parvovirus infection of a tumor cell line (65) . Release of hsp70 from viable cells that is documented in the current work is compatible with virus-induced exosomal secretion or microvesicular shedding (66) . hsp70 is a major constituent of exosomes and exosomal release, and hsp70 content of exosomes has been shown to be increased following intracellular bacterial infection, in which it can induce proinflammatory responses of macrophages (8, 67) . Neuronal cells, including mouse N2a and primary cortical neurons, release exosomes constitutively (45) , which may explain the elevated baseline levels of hsp70 measured in culture supernatants of N2a-HSP relative to N2a-V (Fig. 4) . Regulation of neuronal exosomal release is an active area of study (45) , and work in progress will characterize the mechanism of virus-induced hsp70 release from viable cells. Extracellular release of hsp70 may also facilitate cross-presentation of viral antigen by brain macrophages (68) . hsp70 binds the MeV N protein, specifically recognizing a domain containing an H-2 d determinant of cell-mediated immunity (69, 70) . These roles of extracellular hsp70 may be the basis for adjuvant effects observed following DNA vaccination, in which expression of a structural protein of Japanese encephalitis virus or herpes simplex virus type 1 (HSV-1) was protective against subsequent lethal viral challenge in neonatal mice when coexpressed with hsp70, an effect attributed to a stronger cellular immune response (71, 72) . In addition to these direct effects of hsp70, we must also consider the potential contribution of hsp70-mediated stimulation of viral gene expression to antiviral immunity (9) , where virus-hsp70 interaction may enhance extracellular release of DAMPS and/or PAMPS and increase levels of viral antigen available for cross-presentation.
In conclusion, we show that hsp70 may serve as a sensor of virus infection, enhancing the antiviral state through IFN-␤. The model is relevant to MeV infection of humans, and the efficiency of this host response may explain the low incidence of MeV-induced neurological disease (reviewed in reference 13). Fever, a diagnostic feature of MeV infection in humans (1) , is also a potent inducer of hsp70 and would thus drive an even more robust innate immune response. Supporting this view is our earlier work in mice, in which hyperthermic induction of hsp70 was correlated to enhanced viral clearance in brain (12) . A role for hsp70 in eliciting innate immunity has potentially broad relevance. Viruses causing acute neurological disease include members of the herpesvirus, flavivirus, picornavirus, rhabdovirus, and bunyavirus families, and in each case there is evidence that pathogenicity is inversely related to type I IFN production (73) (74) (75) (76) (77) (78) . These observations warrant further investigation into mechanisms by which hsp70 is released from cells, particularly the relationship to virus gene expression, and how this novel axis of antiviral immunity might be exploited therapeutically. 
